The primary objective of this study was to improve the productive efficiency of growth via optimal use of both high fiber-low quality and high energy-high protein feeds in diets for growing dairy cattle. Twenty Holstein heifers were randomly assigned to either a control or treatment group. The control diet met the National Research Council (NRC) requirement for .45 kg/d gain, with heifers calving at 24 to 26 mo of age. The test groups were fed according to a 5-2-5-2 mo schedule in which the nutrient density was alternately 15% below or 40% above the NRC requirement. Results showed that the heifers on the test dietary regimen (compensatory growth) gained more and consumed less, resulting in significantly improved efficiency of growth (body gain/dry matter intake X 100), energy (body gain X 1,000/metabolizable energy (ME) intake) and protein utilization (body gain/protein intake • 100) in comparison to control animals (13.0 vs 7.3%; 57.9 vs 32.6 g/Mcal ME; 96.5 vs 54.2%, respectively). Marked changes in average concentration of urea-N, glucose, triglycerides, cholesterol and lecithin cholesterol acyltransferase activity in blood were seen for test heifers during the stair-step growth phase (i.e., alternating maintenance and compensatory). Evidence from this experiment suggests that the phased growth (stair-step) system offers a simple, practical and cost-effective method for raising dairy heifers.
I ntroduction
Compensatory growth occurs when previously marginal or under-fed animals are re-alimented on a higher nutritional level. This growth phenomenon expresses itself for a variable period of time as an enhanced rate of gain compared with similar, but continuously fed, animals. The physiological background of compensatory growth is obscure (Ledin, 1984) .
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s Anita. Sci. Dept., Univ. of MinnesOta. Received September 29, 1986 . Accepted February 11, 1987 compensatory growth responses with rats (Harris and Widdowson, 1978) , pigs (Sarkar et ak, 1983) , sheep (McManus, 1972; Graham and Searle, 1979) , broilers (Pokniak and Cornejo, 1982) , rabbits (Ledin, 1984) and beef animals (Bohman, 1955; Koch, 1982; Nelsen et al., 1982) . Most of these reports have primarily been concerned with body composition and gain. Data on dairy cattle and effects on eventual productivity are scarce or nonexistent. Different opinions are expressed in the literature with regard to compensatory and growth responses because of differences in the duration, timing, level and combination of dietary nutrients imposed in the various experiments. However, results in general indicate that animals on a compensatory growth scheme show an improvement in growth efficiency and carcass composition (Harris and Widdowson, 1978; Ledin, 1984) . The objectives of this study were 1) to characterize compensatory growth pattern (stair-stepped rearing scheme) in terms of the induction and change in the efficiency of animal growth and key metabolites and 2) to improve the productive efficiency of growth via optimal use of high fiber-low quality and high energy-high protein feeds in diets for growing dairy cattle.
Mstedals and Methods
Twenty Holstein heifers, averaging 7.6 mo of age and 205 kg of weight, were randomly assigned to either a control or a test group. Experiment groups and nutrient specifications for diets are presented in table 1.
The control diet met the National Research Council recommendations (NRC, 1978) for heifers calving at 24 to 26 mo of age. The experimental period was approximately 14 mo and followed a 4-wk standardization in which all heifers received the control diet. Under the stair-step growth scheme, the experimental period of test heifers receiving the dietary treatment was divided into two stages, each consisting of alternating 5-mo maintenance and 2-too maximum (compensatory) growth feeding periods. Thus, the test group was fed according to a 5-2-5-2 mo schedule, during which the nutrient densities were either 15% below or 40% above the NRC requirements for the maintenance and compensatory phase, respectively (table 1). The test heifers were bred during realimentation period (15 to 17 mo of age) to calve at 25 mo of age, similar to heifers on the conventional (control) rearing scheme.
Basic feed ingredients consisted of alfalfa hay, corn silage, corn, barley and whole sunflower seeds (table 2). Whole sunflower seeds containing high levels of fat (40% ether extract) and protein (18% crude protein) were added to the high nutrient density (i.e., compensatory phase) diet. The mixture was fed ad libitum twice daily as total mixed diets. Amount of diet fed and refused was weighed before the morning feeding, and feed intake was recorded once daily. Feed samples were analyzed for crude protein' by Kjeldahl (AOAC, 1980) , acid detergent fiber (Goering and Van Soest, 1970) and ether extract (AOAC, 1980) . Access to water was provided continuously, and dicalcium phosphate and trace mineralized salt were available free-choice at all times. Heifers were weighed once weekly.
Blood from a tail vein was collected 3 h after the morning feeding, once every 2 wk throughout the trial period. Blood was centrifuged at 8,000 • g for 30 rain and the serum was frozen for urea-N (Chaney and Marbach, 1962), glucose (Raabo and Terkildsen, 1960) , triglyceride (Bucolo and David, 1973) and total cholesterol (Allain et al., 1974) analysis. High-density lipoprotein (HDL) cholesterol in fresh serum was determined after magnesiumphosphotungstate precipitation by the method of Allain et al. (1974) . Lecithin cholesterol acyltransferase (LCAT) activity was determined according to the method of Verdery and Gatt (1981) .
Efficiency measures including conversion from feed nutrient to body weight gain for dry matter, energy and protein were determined. Efficiencies were calculated as: growth (%) = body weight gain (kg) • 100/dry matter intake (kg); energy (g/Meal) = body weight gain (kg) • 1,000 (g/kg)/metabolizable energy (ME) intake (Meal); protein (%) = body weight gain (kg) • 100/protein intake (kg).
The data obtained from measurement of animal growth and metabolic response were analyzed using statistical models that included effects for treatment (stair-step vs control), diet (growth diet vs maintenance diet), growth stage of animal (the 5-2-5-2 mo periods of the nutrient regimen of heifers) and heifers within treatments. Tests of hypotheses associated with pairwise differences between growth stage effects within unique treatment-diet combina- tions were conducted. The data for test animals were analyzed separately using a statistical model that included effects for diet and growth stage of heifers.
Variable
Production characteristics were also monitored to evaluate the long-term influence of compensatory growth on overall performance in lactation, reproduction and longevity. Milk weights were recorded daily. The preliminary data on the first lactation were analyzed. Table 3 shows growth responses for the test animals during the stair-step growth phase. The actual weight gain during alternating maintenance and compensatory phases was close to expectation (NRC, 1978) , except for the second maintenance period where the deviation was calculated to be 34% (.23 vs .31 kg/d).
Results
Responses of heifers to the stair-step growth scheme were significant for all production measurements including body weight change, feed intake and efficiency measures. Mean difference in daily gain between the two phases was about 1.6 kg/d, which corresponds to a 570% increase in gain by compensatory heifers receiving the re-alimentation diet. Average increase in efficiency of growth for the compensatory phase was about fivefold over the maintenance counterparts. Table 4 shows growth measures averaged by treatment (control vs test). Heifers on the test growth scheme gained more (P<.001) than control heifers. The results show that the test heifers consumed less dry matter (P<.001), thereby improving (P<.001) the efficiency of growth over their control counterparts (7.3 vs 13.0%). The trend was similar for both energy and protein efficiencies (table 4) .
Changes in selected blood metabolites clue to growth phase are presented in table 5. Blood urea-N and triglyceride concentrations were elevated significantly for heifers during the compensatory phase of both stages. Blood glucose increased sharply during the first compensatory phase and remained unchanged throughout the remainder of the experimental period. The increased concentration of total and HDL cholesterol was significant for heifers during the compensatory phases. Enzymatic activity of LCAT in blood increased over the duration of the experiment. aHeifers under the stair-step growth scheme. bstandard error of mean, where n = 10. Csignificance level of F-test for equality of two experimental groups. dEfficiency calculated as: growth = gain • lOO/dry matter intake; energy = gain X 1,000/(dry matter intake X metabolizable energy); protein = gain X 100/protein intake.
eData from the first lactation.
The actual milk yield from the first lactation record summarized by treatment group is reported in table 4. Mean daily milk yield of heifers on test was significantly enhanced over that of the control counterparts.
Discussion
Compensatory growth in dairy heifers is achieved by feeding a lower quality, high fiber diet for a period of time (maintenance phase), followed by a rapid growth phase in which high quality, high nutrients and well balanced diets are utilized. The maintenance phase allows for limited growth of approximately .25 kg/d. The growth phase capitalizes on the compensatory growth phenomenon in which heifers are moved to a high nutrient regimen from a low regimen. These heifers exhibit greater feed intake and much higher daily gain than conventionally fed animals during a similar period. This has been demonstrated indirectly in beef cattle (Koch, 1982) .
Growth response (table 3) for the test group during the stair-step growth phase (i.e., alternating maintenance and compensatory) revealed that heifers restricted in growth tended to compensate for this restricted (maintenance) period quite rapidly. Bohman (1955) has termed compensatory growth as an abnormally rapid growth relative to chronological age. Growth data summarized by treatment group in table 4 are interpreted as showing that the growing dairy heifers in the test group displayed compensatory responses. That is, although rate of gain was decreased during the restricted periods, increased average daily gain during a period of compensatory growth resulted in faster gains with less feed consumed, resulting in significantly improved efficiencies of growth, energy and protein as compared with control heifers (13.0 vs 7.3%; 57.9 vs 32.6 g/Mcal; 96.5 vs 54.2%). This result is in agreement with that of Wilson and Osbourn (1960) , who reported that restricted calves exhibited improved subsequent growth rates and efficiency of growth.
According to Palsson's hypothesis of differential growth (Palsson, 1955) , bones and internal organs are not affected by feed restriction to the same degree as muscle and fat. Thus, the digestive tract would be expected to be better developed in relation to body weight in restricted heifers, resulting in the improved growth efficiency during subsequent re-alimentation (Ledin, 1984) . The digestive tract and the liver, for example, can show a rapid and considerable variation in size due to actual functional demands (Goss, 1978) . Compensatory growth after a period of under-nutrition is a very constant feature among higher animals . The concept of gross efficiency of conversion of feed into body tissue has been shown to be largely dependent on the rate of gain of body tissue, and this in turn upon feed intake . Sheehy and Senior (1942) have suggested that restricted animals make greater weight gains upon re-alimentation than nonrestricted animals fed ad libitum on the same ration, partly because their maintenance requirements are less than those of the nonrestricted controls. The result is that there is a greater fraction of the net energy of the diet available for productive processes in the animals exhibiting compensatory growth . McManus (1972) reported that there is reasonable evidence for presuming an active endocrine involvement in the compensatory growth phenomenon by the anterior pituitary gland.
As expected, the marked changes in average concentration of blood metabolites were seen for test heifers during the stair-step growth period. Increased blood urea-N during the compensatory phase could be a reflection of the high, and possibly excess, level of dietary protein (Lindberg, 1984; Park, 1985) . Urea-N level of the test heifers, averaged across the growth phases, was lower (21.4 vs 28.6 mg/dl) than that of the control group. This suggests that test heifers utilized dietary protein more efficiently than control heifers. Fox et al. (1972) reported an increase in protein utilization and tissue deposition in steers on a compensatory period relative to full-fed controls. This increase was apparent during the early phase of the compensatory-full feeding period.
Total serum cholesterol and HDL cholesterol from heifers on compensatory growth phase rose above that from the maintenance phase. The pattern of cholesterol concentrations during the stair-step growth sequence appears to be an age-dependent response, rather than diet-related. Our previous research indicates that a reciprocal relationship between serum cholesterol and dietary protein level is to be expected (Park et al., 1980 (Park et al., , 1983 Park, 1985) . The lack of a cholesterol-depressing effect for test heifers on the compensatory diets (18% crude protein) was likely due to the concurrently higher level of energy (lipid) in the diets. It has been reported that an interaction of dietary protein and lipid upon lipid metabolism and production responses exists for growing (Park et al., 1980 (Park et al., , 1983 and lactating (Lindberg, 1984) dairy animals 9 The effects of a stair-step growth pattern on the HDL-LCAT system and its regulatory role in lipid-cholesterol distribution and, subsequently, the whole body homeostatic metabolism may require further investigation.
The stair-step pattern of growth under this scheme allowed the body weight of the heifers to lag behind the weight of traditionally fed heifers. However, stages of rapid, compensatory growth allowed a return to normal body weight. Both groups of heifers calved at 25 mo of age. Upon re-alimentation, test heifers tended to consume a greater amount of feed than control animals. By consuming nutrient levels far in excess of those needed for maintenance, a greater proportion of consumed nutrients was available for growth. This resulted in improved efficiencies, accompanying "compensatory body gain."
Our lactation record showed improved lactation performance by heifers raised on the compensatory growth scheme. As shown in tabIe 4, average percent increase in miIk by test heifers was approximately 10% over control heifers (21.3 vs 23.4 kg/d). The mechanisms by which compensatory growth may influence mammary development and subsequent lactation are not known. Evidence (Swanson, 1978; Swanson and Poffenbarger, 1979) clearly indicates that a heifer's dietary regimen during the last 2 or 3 mo before calving has a major effect on her first and subsequent lactation. Results of preliminary analyses of experiments with rats and heifers revealed that mammary tissues from animals undergoing our compensatory growth scheme contained more parenchyma and less fat than those from animals in the control group (C. S. Park, unpublished data).
Our results are interpreted to indicate that the phased growth (stair-step) system offers a simple, practical and cost-effective method for raising dairy heifers. Further data on various productive and metabolic variables from subsequent lactations are required for a comprehensive assessment of the effects of compensatory growth.
